Abstract HIV-infected individuals, even with antiretroviral therapy, often display cognitive, behavioral and motor abnormalities and have decreased dopamine (DA) levels. Minocycline prevents encephalitis and neurodegeneration in SIV models, suggesting that it might also protect against nigrostriatal dopaminergic system dysfunction. Using an SIV/macaque model of HIV-associated CNS disease, we demonstrated that striatal levels of DA were significantly lower in macaques late in infection and that levels of the metabolite DOPAC also tended to be lower. DA levels declined more than its metabolites, indicating a dysregulation of DA production or catabolism. Minocycline treatment beginning at 12 but not 21 days postinoculation prevented striatal DA loss. DA decline was not due to direct loss of dopaminergic projections to the basal ganglia as there was no difference in tyrosine hydroxylase, dopamine transporter, vesicular monoamine transporter 2 or synaptophysin between minocycline-treated and untreated macaques. SIV-infected macaques had significantly higher monoamine oxidase (MAO) activity than uninfected macaques, although MAO activity was not affected by minocycline. Oxidative/nitrosative stress was examined by nitrotyrosine staining in the deep white matter and was lower in SIV-infected, minocyclinetreated macaques compared with untreated macaques. These data suggest that minocycline, which has antioxidant activity, has a protective effect on DA homeostasis when administered at an appropriate time in SIV neuropathogenesis.
Introduction
Globally, an estimated 33 million people are infected with HIV (UNAIDS 2010). In the US, before highly active antiretroviral therapy (HAART) was available, approximately 20% of HIV-infected individuals suffered from frank dementia and an additional 35% experienced more minor neurocognitive impairment (Ances and Ellis 2007) . In the post-HAART era, while fewer people are progressing to AIDS and HIV-associated dementia (HAD), the prevalence of clinically milder forms of neurocognitive impairment is increasing, making the current estimate of HIV-associated neurocognitive disorders (HAND) approximately 50% (Ances and Ellis 2007; Heaton et al. 2011) . With HIVinfected individuals living longer due to HAART, HAND is becoming an increasing burden on HIV-infected individuals and on the healthcare system.
In the CNS, HIV replicates in cells of macrophage lineage, which form a reservoir for viral persistence Nath and Sacktor 2006) . HIV causes neurological damage both by direct toxicity of viral proteins (e.g.-Tat, gp120, Vpr) and indirectly by activating macrophages, microglia, and astrocytes, leading to toxic chemokine and cytokine production, generation of reactive oxygen species (ROS), and eventually neuronal dysfunction (Kaul and Lipton 2006; Rumbaugh and Nath 2006; Steiner et al. 2006) .
While no region of the brain is completely exempt from the effects of viral infection, the basal ganglia region is a hot spot of virus replication and HIV-associated neuropathology (Navia et al. 1986; Kumar et al. 2007 ). There is a wealth of data demonstrating nigrostriatal dysfunction in HIV infection and in animal models of HIV CNS disease (Berger and Arendt 2000; Nath et al. 2000; Koutsilieri et al. 2002; Ferris et al. 2008) . Clinically, affected individuals exhibit cognitive, behavioral and motor deficits that are indicative of subcortical involvement (Berger and Arendt 2000; Koutsilieri et al. 2002; McArthur et al. 2005) . Neurochemical analysis of brain and cerebrospinal fluid (CSF) in the terminal stages of infection supports the clinical findings of subcortical dysfunction. Demented AIDS patients have lower levels of dopamine (DA) in the caudate than seronegative controls (Sardar et al. 1996) . Kumar and colleagues systematically examined DA levels throughout the brains of HIV-infected individuals who died of AIDS/HIV-related complications and found pronounced deficits in the caudate, putamen, globus pallidus, and substantia nigra (SN) and demonstrated that DA deficits in certain regions correlated with neuropsychological impairment (Kumar et al. 2009; Kumar et al. 2011) . Moreover, dopamine levels also are reduced in the putamen of SIV-infected macaques early in asymptomatic infection, indicating that DA loss may be progressive (Scheller et al. 2005) . Similar results have been demonstrated in CSF, with DA and HVA levels decreased in more advanced stages of HIV infection (Berger et al. 1994) . However, findings of decreased DA are not unequivocal as there is also evidence of increased DA tone/release (Gelman et al. 2006; Ferris et al. 2008; Scheller et al. 2010) .
Both viral proteins and glial activation are implicated in HIV-associated nigrostriatal dysfunction. HIV infection results in decreased levels of tyrosine hydroxylase (TH), the rate-limiting enzyme for DA production in both the caudate and the SN (Gelman et al. 2006; Silvers et al. 2006) . The HIV transactivating protein Tat inhibits TH transcription in PC-12 cells (Zauli et al. 2000) . Macrophage and microglial activation also have been correlated with nigrostriatal damage (Itoh et al. 2000; Scheller et al. 2005) . Additionally, rodent models show that direct injection of viral proteins (gp120 and Tat) damages SN neurons (Zauli et al. 2000; Nosheny et al. 2006 ) and induces oxidative stress (Mattson et al. 2005; Agrawal et al. 2010) . Dopaminergic neurons are particularly sensitive to neuroinflammatory environments and oxidative stress (Barnum and Tansey 2010) . Even under basal conditions, maintaining oxidative homeostasis in dopaminergic neurons is challenging (Berg et al. 2004) . Dopamine can auto-oxidize, producing highly reactive dopamine quinones and superoxide. Additionally, metabolism of DA by monoamine oxidase (MAO) produces the byproduct H 2 O 2 , which is particularly toxic to dopaminergic neurons (Agrawal et al. 2010) .
Minocycline, a second generation tetracycline derivative, decreases macrophage/microglial activation, oxidative stress, and cytochrome c release from mitochondria, scavenges ROS, and diminishes damaging MAPK signaling (Jordan et al. 2007; Kim and Suh 2009) . Throughout the last decade, minocycline has proven protective in several animal models of neurodegeneration, including multiple sclerosis, Parkinson's disease, and ischemic and traumatic brain injury (Kim and Suh 2009) . Recently, minocycline was demonstrated to reduce CNS inflammation in the two most prominent SIV models of HIV-associated CNS disease. Minocycline reduced viral load in the basal ganglia and protected against neuroinflammation in a SIV pigtailed macaque model ) and protected against decline of neuronal integrity and glial activation measured using in vivo proton magnetic resonance spectroscopy and post mortem immunohistochemistry in a rhesus/CD8 depletion model (Ratai et al. 2010; Campbell et al. 2011) . Given minocycline's ability to protect the CNS from various insults and the vulnerability of the nigrostriatal DA system in HIV/SIV infection, we used the accelerated, consistent SIV/macaque model Clements et al. 2008) to evaluate minocycline's ability to protect the nigrostriatal dopamine system. Early minocycline treatment administered at a critical neuroimmunological juncture protected macaques from SIV-induced striatal DA decline; however later treatment did not. Additionally, minocycline-treated macaques tended to show less oxidative/nitrosative damage. These studies emphasize the importance of appropriately timing neurotherapeutic intervention with respect to neuropathogenesis.
Materials and methods

Animal infection and treatment
Juvenile pigtailed macaques (Macaca nemestrina) were either mock inoculated or co-inoculated intravenously with the immunosuppressive swarm SIV/DeltaB670 and the neurovirulent clone SIV/17E-Fr (Zink et al. 1999) . Of the SIVinfected macaques, groups of 6 or 9 were euthanized at 4, 7, 10, 14, 21, or 56 days post inoculation (dpi). An additional 28 macaques were euthanized at the end stage of disease in this model, when all macaques have AIDS and the majority have encephalitis, approximately 3 months postinoculation (pi; Clements et al. 2008) . SIV encephalitis, similar to HIV encephalitis, is characterized by infiltrating macrophages, perivascular cuffing, multinucleated giant cells, microglial nodules and gliosis (Zink et al. 1999; Clements et al. 2008 ). An additional 17 macaques were dually inoculated and administered daily minocycline treatment (4 mg/kg/day, divided into 2 oral doses) beginning either at 12 (n06) or 21 (n011) dpi until euthanasia at approximately 3 months pi. Prior to euthanasia, CSF samples were obtained on days 4, 7, 10, 14, 21, 28, and every 2 weeks thereafter for analysis of viral load and inflammatory markers. At euthanasia, animals were perfused with sterile saline to remove vascular blood prior to tissue storage. The brain was sliced into 0.5 cm coronal sections using a deli meat slicer and sections of basal ganglia, thalamus, parietal cortex, midbrain at the level of the pons, cerebellum, and medulla were snap frozen or fixed then paraffin-embedded. The Johns Hopkins Animal Care and Use Committee approved all animal studies. Animals were treated humanely in accordance with federal guidelines.
HPLC analysis of neurotransmitters
The HPLC method was adapted from (Pletnikov et al. 2000) . Briefly, biopsy punches (~50-100 mg) from fresh frozen sections of the striatum (caudate or putamen) were weighed then homogenized on ice by sonication in 1 mL of a solution of perchloric acid (0.1 M) and dihydroxybenzylamine (3.59 mM; Sigma; St. Louis, MO). Homogenates were centrifuged at 16,000g for 10 min at 4°C to separate cell debris from the soluble fraction. Supernatants were then filtered by transferring to 0.22 μm Ultrafree-MC centrifugal filter units (Millipore; Bellerica, MA) and centrifuged for 2 min at 16,000g. Fifteen μL of the filtrate were injected onto a reversed phase HPLC column (Econosphere C18 5 μm 4.6 mm) using a Waters 717plus Autosampler, while the remainder was frozen at −80°C. The mobile phase was sodium acetate (54 mM), heptane sulfonic acid (54 mM), and EDTA (0.4 mM, pH 3.75) with acetonitrile (added 150 mL to 2,760 mL mobile phase; Sigma). Chromatographic data was recorded using an HP 3395 integrator (Hewlett-Packard; Palo Alto, CA). DA, DOPAC, and HVA peaks were identified on chromatograms by comparing retention times to known standards. Amounts of DA, DOPAC, and HVA were calculated by comparing peak heights in samples to peak heights of external standards. Ratios of DOPAC/DA and HVA/DA were calculated for each macaque. The MannWhitney test was used to compare groups for all measurements in this study.
Immunoblotting for markers of dopamine-producing neurons
Basal ganglia tissue (~100 mg) was homogenized in 500 μL lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 25 mM dithiothreitol, 0.2 mM phenylmethanesulfonyl fluoride) using a pellet pestle then passed several times through a 20 gauge needle. The sample then was incubated on ice for 20 min and centrifuged at 16,000g for 20 min at 4°C. The supernatant was collected and protein concentration determined using the BioRad Protein Assay kit. Ten to 20 μg of protein were solubilized and resolved under reducing conditions using 10% bis-tris gels (BioRad; Hercules, CA) and MOPS SDS running buffer (Invitrogen; Carlsbad, CA) then transferred to PVDF membranes. Membranes were blocked using 5% nonfat dry milk in TBST (20 mM Tris, 137 mM NaCl, pH 7.5, 0.1% Tween-20) and probed using primary antibodies against tyrosine hydroxylase (1/1000, Chemicon; Bellerica, MA), dopamine transporter (1/1000, Chemicon), vesicular monoamine transporter 2 (1/500, Novus; Littleton, CO), synaptophysin (1/2000, Dako; Glostrup, Denmark), or GAPDH (1/5000, Santa Cruz Biotechnology; Santa Cruz, CA). Membranes were washed in TBST then incubated with appropriate HRP or, when possible, fluorescently labeled secondary antibody. Results were visualized using either chemiluminescence and film or fluorescence and a Typhoon 9210 phosphorimager (Amersham; Piscataway, NJ). A serial dilution of sample was run on each blot to ensure samples were within linear range of detection. Immunoblots were quantitated using IQTL 7.0 software (Amersham). Samples were normalized to arbitrary units of serially diluted sample to normalize for blot-to-blot variation. Proteins of interest were normalized to GAPDH for total protein loading. Lanes with undetectable bands were set at 0 for quantitation purposes. All westerns were performed in duplicate or triplicate and the graphs show the average of the replicates. One exception to this quantitation method was dopamine transporter (DAT), which had the greatest variability and for which a suitable linear range could not be established. For the DAT westerns, instead of normalizing all samples to the serially diluted sample linear range, samples were normalized to the average of the detectable SIV-negative samples. Therefore, the quantitation of DAT shown was the result of one representative experiment.
Measurement of MAO activity
MAO activity was measured in basal ganglia homogenates using a luminescent method. Seventy-five μg of protein in triplicate per macaque were used in the MAO-Glo Assay (Promega; Madison, WI) as described by the manufacturer, with the exception that incubation with substrate was increased from 20 min to 4 h. Luminescent signal was detected using a Fluoroskan Ascent FL plate reader. MAO activity, measured in relative light units (RLU), was background corrected using a buffer-only control. Heatinactivated samples yielded similar background values to buffer-only controls. There is potential that this assay could detect amine oxidases other than MAO. To confirm that the signal from macaque basal ganglia homogenates was due to MAO and not other amine oxidases, basal ganglia homogenate was assayed in the presence of the specific MAO A and B inhibitors clorgyline and deprenyl, which completely inhibited the luminescent signal.
Immunohistochemistry for nitrotyrosine
Nitrotyrosine (Y-NO) was measured as a general marker of oxidative/nitrosative stress in deep white matter, the area of the highest concentration of inflammatory lesions (Navia et al. 1986; Williams and Hickey 2002; Gelman 2007) . Immunohistochemistry was performed on Streck-fixed, paraffinembedded coronal sections from macaque brains. Slides were deparaffinized and rehydrated by heating for 10 min at 60°C, cleared in Histoclear (National Diagnostics; Atlanta, GA), then hydrated in a graded series of ethanol and water. Slides were pretreated by heating with 0.01 M sodium citrate, pH 6.0, prior to immunostaining. Between each immunostaining step, slides were washed with IHC buffer (PBS-0.05% Tween-20). Endogenous peroxidases were blocked using 3% hydrogen peroxide in methanol then nonspecific labeling was blocked with Power Block (Biogenex; San Ramon, CA). Primary antibody (mouse antinitrotyrosine, 1/300; Millipore) was applied for 1 h, followed by biotinylated anti-mouse secondary antibodies and streptavidin-conjugated HRP (Biogenex) for 20 min each. DAB chromagen (Biogenex) was applied for 10 min. For ease of quantitation, slides were not counterstained. The area fraction stained by Y-NO in the deep white matter was quantified as previously described with minor modifications (Follstaedt et al. 2008) . For each slide, a series of 20 adjacent images at a resolution of 1,280×1,024 pixels, overlapping by 15%, were acquired for each slide with a 20 X objective calibrated at 0.3 μm/pixel using a Nikon Eclipse 90i microscope (Nikon; Melville, NY) equipped with a DSRi1 camera (Nikon). A composite image for each slide was compiled from the 20 adjacent images using Nikon Elements AR 3.10 software (average area 2.07 mm 2 ). The threshold for immunopositivity was set and applied identically to each slide. In this manner, the images were binarized such that each pixel was classified as stained (1) or unstained (0), providing a quantitative measure of the total area occupied by stained pixels. The amount of area stained by Y-NO was expressed as a fraction of the total area measured.
Immunohistochemistry for CD68, MHC class II, and GFAP Immunohistochemical staining of CD68 (a marker of macrophage/microglial activation), MHC class II (a marker of macrophage/microglial and endothelial cell activation), and glial fibrillary acidic protein (GFAP; a marker of astrocyte activation), was performed and quantitated in deep white matter as described previously (Zink et al. 1999; Zink et al. 2001; Clements et al. 2002) .
qRT-PCR measurement of SIV viral loads in CSF and brain Viral and tissue RNA were isolated from macaque CSF and basal ganglia and SIV viral loads were determined by qRT-PCR as previously described (Witwer et al. 2009 ) using the following primers and probes: forward primer (SGAG21) 5′-GTCTGCGTCATCTGGTGCATTC-3′; reverse primer (SGAG22) 5′-CACTAGGTGTCTCTGCACTATCTGTT TTG-3′, probe (pSGAG23) 5′-(FAM) CTTCCTCAGT GTGTTTCACTTTCTCTTCTG-(BHQ_1)-3′. Statistical analyses involving viral loads were performed using logtransformed values.
Results
DA levels in the striatum decreased over the course of SIV infection
We examined DA and DA metabolite levels in the striatum during SIV infection using tissue from juvenile pigtailed macaques that were mock inoculated (SIV-) or dually inoculated with SIV/DeltaB670 and SIV/17E-Fr and euthanized at various times after inoculation. Striatal DA levels were significantly lower in the late stage of infection compared to uninfected controls (p00.002; Fig. 1a) . The DA metabolite DOPAC was also significantly lower in late stage infection (p00.031; Fig. 1b) . However, levels of the metabolite HVA, while lower, did not reach statistical significance (p00.112; Fig. 1c ). The ratios of the metabolites DOPAC and HVA to DA were calculated as a measure of DA turnover. The ratio of HVA/DA was significantly higher in SIV-infected macaques late in infection (p00.017; Fig. 1e ), but the ratio of DOPAC/ DA was not (p00.160; Fig. 1d ). The observed decline in DA levels could be due to reduced DA production and/or increased DA catabolism. Changes in DA and its metabolites were not found in the early stages of infection (4-21 dpi).
Early minocycline treatment prevented the decline in striatal DA levels
Having established that our SIV model of HIV CNS disease recapitulated DA loss found in AIDS patients, we examined whether or not minocycline, which is protective in a number of animal models of neurodegenerative diseases, would prevent this loss. SIV-infected macaques were either untreated or treated orally with minocycline beginning at 12 (n06) or 21 (n011) dpi and euthanized at approximately 3 months pi. Levels of DA in the striatum of untreated macaques at 3 months pi were lower than levels in uninfected macaques (p00.003; Fig. 2a ). DOPAC and HVA levels were lower, but not significantly so (p00.074 and 0.183, respectively; Fig. 2b, c) . DOPAC/DA ratios tended to be higher in SIV infection, but this difference was not significant (p00.082; Fig. 2d ). HVA/DA ratios were significantly higher (p00.020; Fig. 2e ). This suggested that levels of the metabolites DOPAC and HVA tended to decline less than DA in late stage SIV infection.
Minocycline treatment beginning at 12 dpi preserved levels of DA (p<0.001; Fig. 2a ) and ratios of DOPAC and HVA to DA (p00.004 and <0.001, respectively; Fig. 2d, e) ; however later minocycline treatment beginning at 21 dpi did not protect against neurochemical dysfunction.
Decreased levels of DA in the striatum were not due to loss of dopaminergic projections to the basal ganglia Damage to or loss of the neurons responsible for producing dopamine were two possible reasons for the finding of decreased DA in the striatum of SIV-infected macaques. To determine whether there was damage to dopaminergic projections to the basal ganglia, we performed Western blotting on basal ganglia homogenates for several proteins important for production of DA or present in dopaminergic neurons.
We first examined tyrosine hydroxylase (TH), the ratelimiting enzyme in dopamine production. There were no differences in total TH in the basal ganglia between uninfected, SIV-infected, or SIV-infected, minocycline-treated macaques (Fig. 3a, e) .
To further assess the status of nigral projections to the basal ganglia, we next examined the dopaminergic presynaptic marker dopamine transporter (DAT), which is responsible for removing DA from the synaptic cleft to maintain synaptic DA homeostasis. There were no significant differences in DAT levels between uninfected, SIV-infected, and Macaques were mock inoculated (SIV-) or inoculated with SIV, then euthanized at various days postinoculation (dpi). Levels of DA (a), DOPAC (b), and HVA (c) in the striatum were determined using HPLC with EC detection and ratios of DOPAC/DA (d) and HVA/DA (e) were calculated. Amounts are expressed as ng neurotransmitter or metabolite per mg of tissue. Levels of DA and its metabolite DOPAC were significantly lower in late stage SIV infection (p 00.002 and p 0 0.031, respectively). Levels of the metabolite HVA were not significantly lower in SIV infection (p00.112). The ratio of DOPAC/DA was not significantly different in SIV infection (p00.160), but the ratio of HVA/DA was significantly higher in late SIV infection (p00.017). Bars represent medians. Statistical comparisons were made using the MannWhitney test Fig. 2 Minocycline treatment initiated early in infection prevented late-stage SIV-induced striatal DA loss. Uninfected, SIV-infected untreated, and SIV-infected macaques treated with minocycline beginning at either 12 or 21 dpi were euthanized approximately 3 months postinoculation. Levels of DA (a), DOPAC (b), and HVA (c) were measured in the striatum and ratios of DOPAC/DA (d) and HVA/DA (e) were calculated. DA levels were lower in SIV-infected, untreated macaques compared with uninfected controls (p00.003). Levels of the metabolites DOPAC and HVA were lower in SIV-infected, untreated macaques, but not significantly so (p00.074 and 0.183, respectively). DOPAC/DA ratios tended to be higher in SIV-infected, untreated macaques, but this difference wasn't significant (p00.082). HVA/DA ratios were significantly higher in SIV-infected, untreated macaques (p00.020). Minocycline treatment initiated early at 12 dpi prevented SIV-induced striatal DA loss (p<0.001) and prevented an increase in the ratios of DOPAC/DA and HVA/DA (p00.004 and <0.001, respectively). Minocycline treatment initiated later at 21 dpi did not protect DA levels, nor did it protect the ratios of the metabolites to DA. Bars represent medians. Statistical comparisons were made using the MannWhitney test Fig. 3 Western blot analysis indicated no overt loss of dopaminergic projections to the basal ganglia in SIV-infection. a, e Quantitation of TH in the basal ganglia by Western blot analysis showed similar levels of TH among uninfected, SIV-infected, untreated and SIV-infected, minocycline-treated macaques. b, f Measurement of DAT in basal ganglia showed no significant difference between uninfected and SIV-infected, untreated macaques. c, g VMAT2 was unchanged in SIV infection, regardless of treatment. d, h Synaptophysin was moderately reduced in SIV infection, but was not rescued by minocycline treatment. Proteins of interest were normalized to GAPDH. Bars represent medians. Statistical comparisons were made using the MannWhitney test SIV-infected, minocycline-treated macaques (Fig. 3b, f) . While TH and DAT are generally thought to be exclusively expressed by dopaminergic projections in the basal ganglia, there is a subgroup of striatal interneurons that possess these markers (Tepper et al. 2010) . These interneurons, however, are not very numerous, making up less than 5% of striatal neurons (Unal et al. 2011) , thus dopaminergic projections are the primary component of this measurement.
We next measured the more general presynaptic marker vesicular monoamine transporter 2 (VMAT2), which is responsible for packaging monoamines such as dopamine and serotonin into vesicles for subsequent release at the synaptic cleft. In the basal ganglia, dopaminergic projections far outnumber serotonergic projections, so VMAT2 is mainly of a marker of dopaminergic neurons, while not entirely specific. We found no difference in VMAT2 levels between uninfected, SIV-infected untreated, or SIV-infected, minocycline-treated macaques (Fig. 3c, g ).
Finally, to assess general presynaptic health we measured synaptophysin, an integral membrane glycoprotein of presynaptic vesicles. Synaptophysin was significantly decreased in the basal ganglia of SIV-infected macaques but was not protected by minocycline treatment (Fig. 3d, h) .
Together, these data suggest that lower levels of DA in the striatum of SIV-infected macaques in this model is not due to a loss of the enzyme responsible for its production, nor due to gross loss of dopaminergic innervation of the basal ganglia, therefore minocycline does not appear to act at this macroscopic level. However, we found general synaptic health mildly compromised, regardless of minocycline intervention.
DA decrease was partly due to increased MAO activity
The trend toward increased ratios of DA metabolite to DA (DOPAC/DA and HVA/DA; Figs. 1 and 2) in the late stage of infection suggested that increased DA turnover may occur during SIV infection. Monoamine oxidase (MAO) is the enzyme responsible for conversion of DA to DOPAC and one of the enzymes in the pathway for conversion of DA to HVA. We measured MAO activity in basal ganglia homogenates of the three groups of macaques using a luminescent method. MAO activity was significantly increased in both untreated and minocycline-treated SIV-infected macaques (p00.003 and p00.002, respectively; Fig. 4 ). To our knowledge, this is the first report directly demonstrating increased MAO activity in SIV infection.
Lower nitrotyrosine immunoreactivity in the CNS of minocycline-treated macaques Dopaminergic neurons must constantly manage homeostasis in a particularly harsh metabolic environment. Minocycline is well known for its ability to dampen detrimental neuroinflammatory processes in a variety of animal models of neurological disease (Kim and Suh 2009) . Nitrotyrosine (Y-NO) is a stable marker of oxidative/nitrosative stress and it is elevated in many inflammatory diseases (Halliwell 1992; Pacher et al. 2007 ). Using immunohistochemistry, our laboratory previously demonstrated reduced Y-NO in the deep white matter of SIV-infected macaques treated with minocycline beginning at 21 dpi (Follstaedt et al. 2008) . We therefore examined whether the same was true for SIVinfected macaques treated with minocycline beginning at 12 dpi. We found that SIV-infected macaques tended to have higher levels of Y-NO than uninfected macaques (p00.095) and that SIV-infected, minocycline-treated macaques tended to have lower Y-NO levels in deep white matter than SIVinfected, untreated macaques (p00.052, Fig. 5 ). There was no direct correlation of Y-NO staining with levels of striatal DA in SIV-infected macaques (data not shown). These data Fig. 4 MAO activity was significantly increased in the basal ganglia of both untreated and minocycline-treated SIV-infected macaques. MAO activity was measured by a luminescent method in basal ganglia homogenates. Bars represent medians. Statistical comparisons were made using the Mann-Whitney test Fig. 5 Oxidative/nitrosative stress tended to be lower in SIV-infected macaques treated with minocycline. Immunohistochemical staining of Y-NO in deep white matter was quantified and expressed as a fraction of the total area measured. Y-NO staining tended to be higher in SIVinfected untreated macaques compared to uninfected controls (p0 0.095) and tended to be lower in SIV-infected, minocycline-treated macaques compared to SIV-infected, untreated macaques (p00.052). Bars represent medians. Statistical comparisons were made using the Mann-Whitney test suggest that SIV-infected, minocycline-treated macaques tend to have reduced levels of oxidative/nitrosative stress.
DA levels in SIV-infected macaques did not correlate with markers of neuroinflammation or viral loads
To further investigate the role neuroinflammation and viral loads might play in striatal DA loss in late stage SIV infection, we examined potential correlations between striatal DA levels and markers of neuroinflammation and viral loads in SIV-infected macaques in the late stage of disease. CD68 (a marker of macrophage/microglial activation), MHC class II (a marker of macrophage/microglial and endothelial cell activation), and GFAP (a marker of astrocyte activation) were measured by quantitative immunohistochemistry in the deep white matter. Striatal DA levels did not correlate with levels of CD68, MHC class II, or GFAP staining in SIV-infected macaques in the late stage of disease (data not shown). We also measured viral loads in the basal ganglia and CSF of SIV-infected macaques by qRT-PCR. Striatal DA levels in SIV-infected macaques in the late stage of disease did not correlate with viral loads in any of the compartments examined (data not shown). Thus, late stage neuroinflammation and viral loads do not predict striatal DA levels in SIV-infected macaques.
Discussion
In these studies, striatal levels of DA were significantly lower in late stage SIV infection. Early intervention with oral minocycline (beginning at 12 dpi, but not 21 dpi) prevented this decline. This has important implications for developing and testing neurotherapeutics for HAND. Successful intervention with minocycline occurred at a significant neuroimmunological juncture in this SIV/macaque model. The time between 12 and 21 dpi spans the transition from the acute to the asymptomatic phase of peripheral disease and also encompasses an immunological shift in the CNS of this SIV/macaque model (Clements et al. 2008; Witwer et al. 2009 ). In the acute phase of infection virus enters the brain as early as 4 dpi (Clements et al. 2002) , rapidly inducing a coordinated innate immune response (i.e.-IFNß, MxA, IL-10, others) and neuroinflammation (CD68, MHC class II, GFAP; Witwer et al. 2009 ). As CNS viral loads begin to be controlled, both the innate immune response and neuroinflammation are downregulated by 10 dpi, but then begin to rebound by 21 dpi (Witwer et al. 2009 ). The span between 12 and 21 dpi also is a critical time in the progression of mitogen-activated protein kinase (MAPK) dysregulation in this SIV/macaque model. In this nine day period, MAPK expression in the brain is in the process of shifting the balance away from the neuroprotective pERK toward the more neurodegenerative pJNK/p-p38 MAPKs (Barber et al. 2004) . Together, these data emphasize a critical window of neuroprotection afforded by minocycline to the nigrostriatal dopaminergic system.
The timing of successful therapeutic intervention with respect to SIV neuropathogenesis is important to note considering recent negative results from a phase II clinical trial of minocycline to improve neurocognition in HIV-infected individuals with progressive neurocognitive decline (Sacktor et al. 2011) . In that study, minocycline failed to improve neurocognition over the course of the 24-week study, as measured by the NPZ-8 neuropsychological composite test score. The fact that the HIV-infected individuals in this clinical trial were already experiencing neurocognitive impairment indicates that they already were in an advanced stage of HIV CNS disease. In our study, we found early treatment to be necessary for minocycline's protection of striatal DA levels in SIVinfected macaques, so minocycline administered after the onset of neurocognitive decline in HIV-infected individuals might be too late to be effective. This may be a broader issue regarding testing neurotherapeutics for HAND. Many clinical trials for HAND treated HIV-infected individuals after the onset of neurocognitive impairment whereas it may be more beneficial to pursue treatments that prevent the genesis of neurocognitive impairment.
Our data support other studies showing loss of DA in HIV/ SIV infection (Ferris et al. 2008; Kumar et al. 2009 ) and increased turnover of DA in SIV infection (Czub et al. 2001) . Unlike others (Gelman et al. 2006 ), we did not find significant changes in markers of dopaminergic projections to the basal ganglia (TH, DAT or VMAT2), suggesting that dopaminergic dysfunction may precede prominent dopaminergic neuronal loss or damage in this SIV model and therefore minocycline must protect at another level. While these presynaptic proteins may be present at relatively normal levels in the SIV-infected, untreated macaques, this says nothing of their functionality. Specifically, DAT function has been shown to be decreased by both gp120 and Tat, even though total protein levels may be unchanged Theodore et al. 2006; Wallace et al. 2006) . Additionally, TH and DAT function are decreased by oxidative and nitrosative stress (Ara et al. 1998; Park et al. 2002; Huang et al. 2003) , which is a prominent feature of HIV/SIV infection (Steiner et al. 2006) .
One potential source of oxidative stress and contributor to decreased DA in SIV infection is increased MAO activity. Hydrogen peroxide (H 2 O 2 ) is a potentially damaging product of the MAO reaction that is well known to cause neuronal damage, particularly to dopaminergic neurons, and is implicated in the pathogenesis of several neurodegenerative diseases (Halliwell 1992; Berg et al. 2004; Agrawal et al. 2010) . ROS produced by increased MAO activity in SIV infection could exacerbate oxidative stress and neuroinflammation. In fact, simply inducing MAO B expression in a transgenic mouse model increases astrocyte and microglial activation, superoxide production, and damage to TH+neurons (Mallajosyula et al. 2008) . Interestingly, that group demonstrated that damage to TH+ neurons caused by MAO B elevation could be abrogated by the antioxidant EUK189 or minocycline. In our study, minocycline-treated macaques had elevated MAO activity, similar to untreated macaques, indicating that minocycline's protection from DA loss is not due to direct effects on MAO activity. Given that MAO is an outer mitochondrial membrane protein and that minocycline can to bind to mitochondrial membranes (Antonenko et al. 2010) , we examined MAO activity in the context of intact mitochondria and found no effect of minocycline (data not shown), confirming previous findings of Du and colleagues (2001) .
Instead, our data suggest that SIV-infected minocyclinetreated macaques may be better able to manage the oxidative consequences of SIV CNS infection and elevated MAO activity. Minocycline has antioxidant properties, particularly toward peroxynitrite, a ROS responsible for Y-NO formation (Kraus et al. 2005; Schildknecht et al. 2011) . SIVinfected minocycline-treated macaques tended to have lower levels of oxidative/nitrosative stress, as measured by nitrotyrosine staining in the deep white matter compared to their untreated counterparts. Although this data only trends toward statistical significance, this suggests that minocycline might have a mitigating effect on the neuroinflammatory environment caused by SIV CNS infection, thus allowing these macaques to maintain DA homeostasis.
However, simply blunting late stage neuroinflammation may not be enough to protect from dopaminergic dysfunction. We did not find a correlation between neuroinflammatory markers or viral loads and striatal DA levels in SIV infected macaques, demonstrating that late stage neuroinflammation did not predict dopaminergic dysfunction. Furthermore, we previously showed that SIV-infected macaques treated with minocycline at 21 dpi had lower CNS viral loads and were broadly protected from late stage neuroinflammation as measured by pathological CNS lesion severity and immunohistochemical markers such as CD68 and MHC class II ). However, this study reveals that those macaques were not protected from late stage dopaminergic dysfunction. These data suggest that early events in neuropathogenesis (between 12 and 21 dpi in this SIV/macaque model) and perhaps an accumulation of neuroinflammatory insults over time profoundly impact late stage dopaminergic system dysfunction more than the late stage neuroinflammatory condition indicates.
In summary, these data show that early minocycline treatment protects SIV-infected macaques from a decrease in striatal DA content. Minocycline's anti-inflammatory and antioxidant abilities might enable SIV-infected macaques to better manage the neuroinflammatory environment caused by oxidative stress due to SIV CNS infection and overactive MAO than their untreated counterparts, and thus able to maintain proper DA homeostasis. However, end-stage neuroinflammation did not completely predict striatal DA levels in SIV-infected macaques.
Initiation of minocycline treatment at 12 dpi, immediately following the decline in acute phase inflammation and innate immune response in the CNS, may be critical in dampening the increasing neuroinflammation that occurs even in the asymptomatic phase of disease, thus protecting dopaminergic neurons from dysfunction late in disease.
Minocycline failed to protect animals from neurodegeneration in some models of MPTP, Parkinson's and Huntington's disease (Diguet et al. 2004 ) and, in some cases such as the recent clinical trial with amyotrophic lateral sclerosis, even found to be detrimental (Gordon et al. 2007) . Since the therapeutic window of striatal DA protection in SIV-infected macaques occurred at a critical neuroimmunological juncture, this study highlights the importance of timing of treatment initiation with respect to disease pathogenesis, which has broader implications for testing neurotherapeutics to treat HAND.
